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A Novel Approach to Acoustic Liquid Density
Measurements Using a Buﬀer Rod Based
Measuring Cell
Erlend Bjørndal, Member, IEEE, Kjell-Eivind Frøysa, and Svein-Atle Engeseth
Abstract—A new method for measuring the pressure re-
ﬂection coeﬃcient in a buﬀer rod conﬁguration is presented,
together with experimental results for acoustic measure-
ments of the liquid density, based on the measurement of
the liquid’s acoustic impedance. The method consists of
using 2 buﬀers enclosing the liquid in a symmetrical ar-
rangement with a transducer ﬁxed to each buﬀer. One of
the transducers is used in a pulse-echo mode while the
other transducer operates as a receiver. The echo ampli-
tudes leading to the pressure reﬂection coeﬃcient as found
by this method possess advantages such as reduced attenu-
ation due to a shorter liquid transmission path and reduced
interference, as compared with the ABC method. Measure-
ments with distilled water and with special density calibra-
tion oil qualities have been performed using both the new
method and the ABC method and are shown for the new
method to give a density span within  0.15% of the refer-
ence values. A comparison of the measured densities based
on both a time-domain and a l2-norm frequency domain in-
tegration signal processing approach is given, along with a
recommendation as to how the signal processing should be
performed.
I. Introduction
Density is a material property of utmost importancein many ﬁelds, such as the process industry in gen-
eral, and also for ﬁscal use. Applications are in such di-
verse ﬁelds as ﬂow measurement, ﬂuid characterization,
biomedical diagnostics, process control in industry, and
quality control in the food and beverage industry. The liq-
uid density measurements by acoustic methods are mainly
performed by use of the acoustic impedance Z and the
compressional wave sound speed c by use of the relation
Z = ρc. The acoustic impedance is normally found by
use of the pressure reﬂection and transmission coeﬃcients
at the interface between a reference material and a liquid
sample.
A simple and well-known method for obtaining the pres-
sure reﬂection coeﬃcient R (named just reﬂection coeﬃ-
cient for simplicity) is to use a transducer in pulse-echo
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mode with the transducer element ﬁxed to a buﬀer. Then,
during the calibration phase, 2 measurements are needed.
One is performed in air and a second measurement is per-
formed with liquid inserted between the buﬀer and a reﬂec-
tor [1]–[3]. This method requires frequent calibration due
to thermal drift and aging of the electronics and sensor
components. A reference acoustic path would reduce such
problems, because part of the transmitted signal would be
available for automatic calibration purposes.
Papadakis [4] developed the ABC method for measuring
the acoustic impedance and the attenuation in solids based
on a triple-echo buﬀer rod approach where the reﬂection
coeﬃcient is obtained from the measured amplitude ratios.
However, this approach may be prone to severe attenuation
of the third echo signal because it has traversed the sample
4 times along with the possibility of interference eﬀects
of the echo signals from the ring-down in the buﬀer or
from mode converted echo signals from the buﬀer-sample
interface.
Other reference path approaches applied for acoustic
liquid density measurements also exist. Pu¨ttmer et al. [5]
used a buﬀer on the backside of the transducer element,
allowing the transducer element to sense the transmitted
signal amplitude, as reﬂected from the backside buﬀer-air
interface. Adamowski et al. [6]–[8] actually used the ABC
method by including a large diameter membrane receiver
between 2 buﬀer rods in front of the transmitter element
for the elimination of the sound ﬁeld diﬀraction eﬀect.
Hirnschrodt et al. [9], [10] used a solid layer separating
a reference liquid and a test liquid for increased sensitiv-
ity, due to the behavior of the solid layer as “invisible” at
given frequencies of the incident sound ﬁeld, making the
solid layer appear a half-wavelength thick. Delsing et al.
[11]–[13] used 2 buﬀers of diﬀerent materials between the
transducer element and the liquid.
In addition to being able to give the acoustic impedance
of the sample, along with the buﬀer and the liquid sound
speeds, the sample density and, thereby, the adiabatic
compressibility, the ABC method of Papadakis [4] can be
used for ﬂuid characterization, because it can also give
the sample attenuation. Therefore, it was decided to try
to further develop this method, and at the same time ob-
tain reduced inﬂuence from the aforementioned weaknesses
concerning this method. This led to the development of 2
new generic approaches for the measurement of the reﬂec-
tion coeﬃcient, from which some of the proposed methods
were shown to possess lower uncertainty than the ABC
0885–3010/$25.00 c© 2008 IEEE
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Fig. 1. Schematic view of the proposed measurement principle con-
taining 2 transducers in addition to 2 buﬀers enclosing the sample
liquid. Only the operational mode of using Transducer A in pulse-
echo mode is indicated.
method. This was based on analysis of uncertainty contri-
butions from bit resolution and noise only [14].
The further development was performed by using 2
buﬀers enclosing the liquid in a symmetrical arrangement,
with a transducer ﬁxed to each of the buﬀers, according
to Fig. 1.
Section II presents the measurement principle. The in-
strumentation setup is given in Section III, along with a
description of the acquisition system and the calibration
approach used. Section IV discusses the signal processing
approach and the use of diﬀraction correction, and Sec-
tion V presents the measurement cell’s mechanical and di-
mensional design. Section VI presents the measurement
results for distilled water and for various calibration oils,
which have densities accurately characterized versus tem-
perature. A limited uncertainty analysis is given in Sec-
tion VII. In Section VIII, the discussion is given, and con-
clusions are given in Section IX.
II. Measurement Principle
The description of the measuring principle can be given
with respect to Fig. 1, which is seen to consist of one
transducer operating in pulse-echo mode (transducer A),
together with a receive transducer operating in a through-
transmission mode in the other end of the measuring cell
(transducer B). The operation can also be reversed, using
transducer B in pulse-echo mode, with transducer A as a
receiver. The buﬀers are assumed to be identical, i.e., to
have the same dimensions and be made of the same ma-
terial. In the following, transducer A will be assumed to
operate in pulse-echo mode (Tx-transducer), while trans-
ducer B will be assumed to operate as a receiver (Rx-
transducer).
Here, a maximum number of 3 echo signals on each
transducer will be assumed throughout for the analysis.
Measurements by only 2 of the relative amplitude ap-
proach methods as given in [14] will here be presented.
These are the ABC method of Papadakis [4] using only one
transducer, and the newly proposed R echo12 12 method
using the ﬁrst 2 echo signals from both transducers. See
[14], (44), with b = −2 and d = 0 for the ABC method,
Fig. 2. Block diagram of the measuring system.
and b = −1 and d = −1 for the R echo12 12 method. The
reﬂection coeﬃcients are
R = ±
(
1 − A
2
2
A1A3
)−0.5
(1)
R = ±
(
1 − A2A
∗
1
A1A∗2
)−0.5
, (2)
for the ABC and for the R echo12 12 method, respectively.
Using a buﬀer rod conﬁguration measurement cell, the
reﬂection coeﬃcient can be obtained from the acoustic
impedance of the buﬀer and of the liquid, using the plane-
wave expression for the reﬂection coeﬃcient according to
R =
Z2 − Z1
Z1 + Z2
=
ρ2c2 − ρ1c1
ρ1c1 + ρ2c2
, (3)
from which the liquid density can be expressed as
ρ2 =
ρ1c1(1 + R)
c2(1 − R) . (4)
The liquid density is therefore seen to depend on the
sound speed and the density of the buﬀer in a proportional
manner, whereas it is inversely proportional to the sound
speed of the liquid. The liquid density is seen to depend
on the reﬂection coeﬃcient in a nonlinear manner.
III. Instrumentation
A. Introduction
A block diagram of the measuring system is given in
Fig. 2. The main components are a function generator
(Agilent 33220A, Agilent Technologies, Santa Clara, CA),
2 broadband ultrasound transducers (Panametrics 1′′ di-
ameter immersion type Videoscan V307-SU 5.0 MHz cen-
ter frequency, Olympus NDT, Waltham, MA), a measure-
ment cell (described later), a high-speed digitizing oscillo-
scope (Agilent 54642A, 500 MHz bandwidth, Agilent Tech-
nologies), 2 custom-made low noise preampliﬁers for sig-
nal accommodation, and a PC for control and analysis
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Fig. 3. Switching arrangement for the Tx-transducer.
of the measurements. The measuring cell was placed in a
thermostat-regulated water bath keeping the temperature
at a given level.
B. Operational Cycle
The operational cycle can be described in the follow-
ing way: The generator feeds the transmit transducer with
a sinusoidal burst of a predetermined number of periods
through a connection network. This process continues for
a predetermined number of times, where the acquisition is
performed in a coherent fashion by the oscilloscope. The
custom-made low-noise preampliﬁers were used to accom-
modate the signal levels to suitable levels for the acqui-
sition by the oscilloscope, and the measured data were
presented to the PC over the RS232 serial interface. The
preampliﬁers have a gain of approximately 50 dB and a
gain-bandwidth product of 1 GHz.
C. Electronic System
The simplest possible form of the connection network
consists of a direct connection between the function gener-
ator, the Tx-transducer, and the Tx-ampliﬁer, where the
50 Ω output resistance of the function generator serves
to avoid complete damping of the received echo signals
from the Tx-transducer. However, the noise level experi-
enced for such a direct connection, particularly at the Tx-
transducer, was seen to be quite high. This noise level was
found not to be inﬂuenced by the excitation level directly,
but to the range of the excitation level as correlated to
some internal relay setting in the function generator. To
improve the signal-to-noise-ratio (SNR), a switch arrange-
ment was designed according to Fig. 3.
The switching network consists of an arrangement of
2 switches connected in series with opposite action, with
the Tx-transducer connection in-between. The operational
mode of the switches is as follows: The Tx-switch is
initially active, making a connection between the signal
source and the Tx-transducer. After the source has fed
the Tx-transducer with the predetermined number of pe-
riods, the Tx-switch is opened and the Rx-switch is closed
to let the echo signals be acquired. Then the Rx-switch
opens and the Tx-switch closes for the next operational
cycle. The switches are of the break-before-make type.
The switching network was implemented based on a Su-
pertex HV20720 high-voltage switch with a relatively high
on-resistance of 22 Ω, and with a 5 µs turn-on and turn-oﬀ
time.
In addition, a buﬀer ampliﬁer with high current drive
capacity (LT1210, Linear Technology, Milpitas, CA) was
used to obtain a low output impedance. Also, at the re-
ceiver end, a low-noise preampliﬁer (LT1226, Linear Tech-
nology) accommodated the signal levels, and an LT1210
buﬀer was used to drive some short length 50 Ω coaxial
cables connecting to the oscilloscope inputs, which were
used in 1 MΩ input impedance mode. Due to the given
oﬀset range for the oscilloscope, the maximum echo signal
had to exceed a peak-to-peak voltage of 1.6 V on the Tx
oscilloscope channel.
D. Temperature Measurement System
The temperature measuring system was based on a Hart
Scientiﬁc 5665 Thermistor Probe and a Hart Scientiﬁc
5611 Thermistor Probe (Hart Scientiﬁc, American Fork,
UT), both of which have an uncertainty of 0.01◦C. The
choice of which probe to use was dictated by the path
length of the liquid layer. The given probe was inserted
into the sample liquid without interfering with the sound
ﬁeld. The temperature reading device was a 61/2 digit digi-
tal multimeter (Agilent 34401A, Agilent Technologies) op-
erating in a 4-wire conﬁguration, adding a negligible un-
certainty to the temperature measurement compared with
the given probe uncertainty.
E. Acquisition Phase
The pulse-repetition rate was set at approximately
100 Hz for the received echoes to die completely out be-
fore excitation of the next burst cycle. The echo sequence
was averaged a given number of times by the oscilloscope
being externally triggered by the function generator, us-
ing a sampling rate of 500 MSa/s. The oscilloscope can
give out 2000 measuring points in average mode, using a
built-in decimation and interpolation procedure, resulting
in a raw data time resolution in the range of 15 to 17 ns
for the measuring cells used. The oscilloscope was used in
a bandwidth limit mode having a 25 MHz cutoﬀ low-pass
characteristic. The eﬀect of the oscilloscope built-in low-
pass ﬁlter was to reduce the bandwidth from the 250 MHz
Nyquist rate, giving a 3 dB increase in the SNR for each
divide-by-2 factor of cutoﬀ frequency [15]. This gave an
increase in SNR of approximately 13 dB beyond the wide-
band characteristic. The oscilloscope has a basic voltage
resolution of 8 bits. Using the average mode, and using
measurements on repetitive signals, however, the voltage
resolution can be increased to 12 bits maximum, depending
on the number of averages used. For each 4-fold increase
in the number of averages, one bit of voltage resolution
is gained [16], implying an average of 256 for obtaining 12
bits of resolution. The average temperature along with the
min/max values during the collection of the acoustic echo
signals involved were also acquired.
F. Calibration
As seen from (4), the following parameters must be
known to measure the liquid density: the buﬀer acoustic
Authorized licensed use limited to: Universitetsbiblioteket I Bergen. Downloaded on October 6, 2008 at 5:1 from IEEE Xplore.  Restrictions apply.
bjørndal et al.: a novel approach to acoustic liquid density measurements 1797
TABLE I
Measured Density of the Aluminum Buffer Material as
Used in the Measurement Cells, Obtained by Teknologisk
Institutt.
Temperature [◦C] Density of buﬀer [kg/m3]
19.874 2712.6840
39.991 2708.8823
impedance (density and sound speed), liquid sound speed,
and the reﬂection coeﬃcient. The calibration approach
used involves obtaining the liquid path length from the
distilled water’s sound speed dependence on temperature,
as given by a 5th order polynomial presented by Marczak
[17]. The buﬀer density was measured by a weighing pro-
cedure at Teknologisk Institutt, A˚gotnes, Norway, at 2 dif-
ferent temperatures as given in Table I, with an absolute
uncertainty of less than 36 ppm. A linear ﬁt was used be-
tween those temperatures. Then, the acoustic impedance
of the buﬀer versus temperature was found using the mea-
sured dimensions of the buﬀers, along with the measured
temperature and the measured sound speeds of the buﬀers.
Note that the measurement cell may be operated empty,
to obtain the acoustic impedance of the buﬀer material
using this approach. However, this was not performed in
this work.
By performing the calibration in this manner, a semi-
absolute calibration approach is introduced, in which the
only acoustic parameter necessary to be measured is the
buﬀer sound speed, in addition to the measured temper-
ature. This means that the normal calibration approach
of using the acoustic impedance of distilled water for ob-
taining the acoustic impedance of the buﬀer material is
avoided, because it is known to suﬀer from dependency on
the actual transmit waveform [18] to a larger extent than
for the proposed calibration approach. This is believed to
be due to using the same diﬀraction correction for diﬀerent
pulse lengths, for example.
IV. Signal Processing
A. Sound Speed
The sound speeds in the buﬀers and in the liquid can be
found by use of the 2-way propagation time diﬀerence ∆ti,j
of the respective echo signals for the indicated medium
n = 1, 2, 3, see Fig. 1. The index i represents the local
maximum and minimum voltage values of the time trace,
where a total of M such voltage extreme values are con-
sidered, and j is the individual shot number (signal trace),
out of a total number of N shots to be averaged. The sound
speed can be given as
ci,j =
2ln
∆ti,j + ∆tdiﬀ
, (5)
where ∆tdiﬀ is the temporal correction due to diﬀraction.
The averaged sound speed over a complete burst signal
can be given as
cj =
1
M
M∑
i=1
ci,j =
1
M
M∑
i=1
2ln
∆ti,j + ∆tdiﬀ
. (6)
The sound speed averaged over N shots can therefore be
given as
c =
1
N
N∑
j=1
cj =
1
N · M
N∑
j=1
M∑
i=1
ci,j
=
1
N · M
N∑
j=1
M∑
i=1
2ln
∆ti,j + ∆tdiﬀ
.
(7)
From Fig. 1, it is assumed that the echo signals used
in the calculation of the reﬂection coeﬃcient are free from
possible eﬀects due to reverberation from the transducer
internals, because the transducers are not involved in the
reﬂection process. This applies throughout, except for the
multiple buﬀer signals used in the measurement of the
buﬀer sound speed. Also it should be noted that the sound
speed of the receive buﬀer may be susceptible to inter-
ference eﬀects, because the receive buﬀer multiple echo
experience contributions from 2 wave paths of the same
length, which are 1) multiple reﬂected in the transmit
buﬀer before the signal traverses through to the receive
transducer for detection, and 2) multiple reﬂected in the
receive buﬀer before the signal gets detected by the re-
ceive transducer. Therefore, the buﬀer sound speed should
preferably be measured by the transmit buﬀer multiple
echoes alone along with the length of the buﬀer. By sequen-
tially transmitting from both sides of the measuring cell,
the sound speeds of both buﬀers were obtained. It should
also be noted that the sound speed of the buﬀers and the
liquid were measured simultaneously by signals from each
transducer (transmitter and receiver), giving redundancy
of the measured parameters.
B. Amplitude Measurements
The reﬂection coeﬃcient was calculated by 2 diﬀering
approaches, where each echo signal’s amplitude a(t) (time
domain), or A(f) (frequency domain), was processed ac-
cording to a time domain approach and to a frequency
domain integration approach, respectively. In the time do-
main approach, the peak-peak values used in obtaining the
reﬂection coeﬃcient may be prone to both wideband noise
and to coherent noise. This approach has, however, the in-
herent beneﬁt that it is not dependent on DC-oﬀsets, as
long as the oﬀset is constant throughout the echo pulses
considered.
Higuti and Adamowski [8] use a frequency domain in-
tegration approach as follows:
Ak,j =
f2∫
f1
|Ak,j(f)|df, k = 1, 2, 3. (8)
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This treats the amplitude spectrum according to the l1-
norm. Here, the Fourier transformation pairs
a1,j(t) ↔ A1,j(f)
a2,j(t) ↔ A2,j(f)
a3,j(t) ↔ A3,j(f)
(9)
reﬂect on the time domain and the frequency domain rep-
resentations of the echo signals amplitudes. However, in
this work, the amplitudes will be processed according to
the l2-norm as
Ak,j =
√√√√√
f2∫
f1
|Ak,j(f)|2 df, (10)
accentuating the dominant part of the frequency spec-
trums, making it easier to evaluate the eﬀect of the up-
per frequency limit, f2, as will be shown later. These fre-
quency domain integration methods introduce a spectral
averaging approach, reducing the eﬀect of single-frequency
interference in the echo signals.
Other methods exist, such as the frequency domain
method as used by Adamowski et al. [6] where the re-
ﬂection coeﬃcient is found from the frequency content of
a single bin. However, such an approach seems to have a
high sensitivity to wideband noise [8]. Also, a time domain
amplitude integral approach [19] may be used according to
Ak,j =
t2,j∫
t1,j
|env[ak,j(t)]|dt, (11)
using distinct time information from the voltage maxima
and minima in the echo signals as integration limits. How-
ever, this method was considered to be highly sensitive
to DC-oﬀsets in the echo signals and to waveform distur-
bance eﬀects, because the integration is performed in the
time domain with a duration determined by the transmit-
ted burst length.
C. Reﬂection Coeﬃcient
For the time domain representation of the reﬂection co-
eﬃcient, the peak-peak voltage over a given number of
periods p is needed, according to
Ak,j,p = ak,j(tp+) − ak,j(tp−), (12)
where tp+ and tp− are the times for local maximum and
minimum values of the time trace ak,j within period p.
The reﬂection coeﬃcient based on period p of a single shot
Rj,p is calculated according to (1) and (2) for the ABC
and for the R echo12 12 method, respectively. The mean
reﬂection coeﬃcient based on a given number of periods is
calculated as
Rj =
1
P2 − P1 + 1
P2∑
p=P1
Rj,p. (13)
Thereafter, the mean reﬂection coeﬃcient for a given num-
ber of shots is found as
R =
1
N
N∑
j=1
Rj . (14)
For the frequency domain representation, the reﬂec-
tion coeﬃcient is obtained by inserting (10) into (1) and
(2), and ﬁnally averaging over the number of shots used
through (14).
Because both transducers were used in the acquisition
of the echo signals, an approach was assigned to ensure
an equivalent importance of each transducer in the trans-
mitting and in the receive operation. This was performed
by using both transducers as transmitters in a sequential
manner, where the measured sound speeds and the reﬂec-
tion coeﬃcients as obtained using transmission from either
side were averaged. Hence, an increased use of averaging
and redundancy was introduced. The resulting density can
be given by
ρ2 =
ρ1〈c1〉(1 + 〈R〉)
〈c2〉(1 − 〈R〉) , (15)
where the terms in brackets means that they were averaged
by considering the values as obtained by transmission from
both sides.
D. Least Squares Sense Cubic Spline Approximation
The calculation of sound speeds is described above. To
obtain an increased vertical and temporal resolution, and
at the same time avoid the possibility of nearby samples
having the same voltage value due to the limited verti-
cal resolution of a digitizer, a least squares sense cubic
spline approximation was applied. The sound speeds in
the buﬀers and in the sample were obtained by apply-
ing a threshold and a time gating on the echo signals. A
third order least squares sense cubic spline approximation
was used with equal weight given to each individual data
point; 1500 splines were used on each time trace consisting
of 2000 points, with a raw data time resolution of 17 ns.
The processed time resolution from the cubic spline ap-
proximation used was 1 ns.
The eﬀect of the cubic spline approximation can be il-
lustrated by simulating the echo signals from a measure-
ment cell with given input parameters, then performing
the time and frequency domain processing to obtain the
density. The synthetic input waveform used in the simula-
tions is a causal Berlage wavelet of the form [20]
g(t) = B tme−bt cos(2πf0t + ϕ0)H(t), (16)
where B is a constant and H(t) is the Heaviside function.
The parameters used are B = 0.5 ·1015, m = 2, b = 6 ·106,
f0 = 6 MHz, ϕ0 = −π/2. The wavelet is given in Fig. 4.
The simulations were performed in the same manner
as the measurements, using a time duration of 34 µs to-
gether with a time resolution of 17 ns, giving 2000 sampling
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Fig. 4. Berlage wavelet as input to the simulation model of the acous-
tic measuring cell.
Fig. 5. Lossless PSpice simulation model of the acoustic measuring
cell.
points. Simulations are performed by the time domain cir-
cuit simulator PSpice (Cadence Design Systems, Inc., San
Jose, CA), as given in Fig. 5, obeying a lossless plane wave
propagation. The simulated echo signals were exposed to
ﬁnite vertical resolution according to
VADC = int
(
Vsample2Q−1
Vmax
)
Vmax
2Q−1
, (17)
where VADC is the value of the voltage sample after given
a ﬁnite vertical resolution, Vmax is the maximum volt-
age value in each echo signal in the absolute value sense,
Vsample is the individual voltage value of the sample, and
Q is the number of bits used. The simulation parameters
are given in Table II, for the proposed measuring cell, see
below. The used signal processing parameters are given in
Table III. In Table IV and Table V the processed densities
for the R echo12 12 and the ABC method are given versus
number of splines and vertical resolution used, for both the
time domain and the frequency domain approaches.
Because 6 MHz represents the highest output frequency
of the function generator used in burst mode, Table IV and
Table V are expected to represent the worst-case charac-
teristics of the frequency range used. The eﬀect of the cu-
bic spline approximation on the estimation of the liquid
TABLE II
Simulation Parameters of the Acoustic Measuring Cell.
c [m/s] Z [106 kg/m2s] l [10−3 m]
Transducers — 2 ∞
Buﬀers 6450 17 80
Liquid 1500 1.5 5.7
TABLE III
Signal Processing Parameters.
Parameters Value
# periods 5
Integration bandwidth 0–10 MHz
Frequency resolution ≈30.5 kHz
Norm l2
Spline temporal resolution 1 ns
TABLE IV
Effect of the Cubic Spline Approximation on the Liquid
Density for the R echo12 12 Method.
Density deviation [%]
Time domain Frequency domain
# of 8 10 12 8 10 12
splines bits bits bits bits bits bits
500 3.84 3.66 3.68 −0.77 −0.90 −0.93
1000 0.04 −0.12 −0.15 −0.03 0.01 −0.03
1500 0.14 −0.06 −0.02 0.05 0.02 0.00
In these tables, synthetic input data were used using a time
resolution of 1 ns, and a frequency of 6 MHz.
and the buﬀer sound speeds were found to be negligible,
using the synthetic input data. It was found that the fre-
quency domain approach gives signiﬁcantly less density de-
viation than the time domain approach. The variation in
density using 10 to 12 bits and 1000 to 1500 splines for the
R echo12 12 method is ±0.03%, and for the ABC method
it is within ±0.05% for the frequency domain approach.
E. Frequency Domain Signal Processing
The frequency domain signal processing chain can be
described in the following steps:
1) Apply DC-oﬀset correction SDC on the individual echo
signals by measuring the average voltage value in a
short time window just before the appearance of the
ﬁrst echo signal on each channel.
2) Apply a frequency independent amplitude diﬀraction
correction factor Sdiﬀ for each echo signal.
3) Multiply the individual echo signals by a Hanning win-
dow function w(t) to reduce the spectral leakage. This
was performed in a coherent fashion, so that the win-
TABLE V
Effect of the Cubic Spline Approximation on the Liquid
Density for the ABC Method.
Density deviation [%]
Time domain Frequency domain
# of 8 10 12 8 10 12
splines bits bits bits bits bits bits
500 0.11 −0.86 −0.65 −0.04 −1.07 −0.98
1000 0.03 −0.66 −0.42 0.65 −0.04 0.02
1500 0.67 −0.31 −0.01 0.74 −0.05 0.04
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dow function was applied to the same relative point in
all the echo signals. The placement of the window func-
tion moves throughout the bursts according to which
periods are used in the signal processing.
4) Apply zero padding for each echo until a desired fre-
quency resolution was achieved, and thereafter per-
form the FFT-operation.
5) Integrate the individual frequency spectrums by the
triangular method according to the given norm so
that the frequency domain reﬂection coeﬃcient was
obtained.
These steps can be further described theoretically ac-
cording to
ak,j(t) = [s(t) − SDC ] · Sdiﬀ · w(t − tw), (18)
where s(t) is the cubic spline approximation of the sampled
trace, and ak,j(t) expresses the resulting time domain sig-
nal after exposure to the window function, the DC-oﬀset
correction, and the amplitude diﬀraction correction; tw is
the corresponding delay of the window function. By using
the Fourier transformation pairs
w(t) ↔ W (f)
s(t) − SDC ↔ S(f),
(19)
the frequency domain description is obtained according to
Ak,j(f) = Sdiﬀ · S(f) ∗ W (f)e−j2πftt , (20)
with ∗ describing the convolution operator. Then, the re-
sulting frequency domain integration amplitudes can be
obtained according to (10).
For the measurement of the reﬂection coeﬃcient to be
performed in a comparable fashion between the time do-
main and the frequency domain approaches, an integer
number of periods in the bursts was used at the process-
ing stage. This is a necessary condition for the time domain
approach as it uses peak-to-peak values, because otherwise
DC-oﬀsets would contribute, but for the frequency domain
approach a single half-period in each echo signal could be
used for the calculation of the reﬂection coeﬃcient. This
behavior is better explained in Fig. 6 using only one period
of processing for the burst waveform shown.
For each centration of the window function (see Fig. 6),
a value for the reﬂection coeﬃcient is obtained. In practice,
the reﬂection coeﬃcients originating from various voltage
extreme values in the bursts are averaged. The placement
of the window function dictates its width limited in one
end by the start of the acquisition window and in the other
end by not extending across nearby echo signals. The width
also determines the spectral characteristic of the echo sig-
nals considered, with a wide window giving a band pass
behavior, and a narrow width giving a low pass behavior,
eﬀectively weighting the frequency range diﬀerently.
The eﬀect of the upper frequency limit on the norm
used, see (8) and (10), can be visualized according to
Fig. 7, where the processed density versus frequency is
given based on a synthetic echo sequence using a 5 period,
Fig. 6. An example of the use of an integer number of periods in the
transmit burst for the calculation of the reﬂection coeﬃcient. The 2
window functions are centered at the 2 ﬁrst voltage extreme values.
Fig. 7. Typical processed density versus the upper frequency limit
f2 (cf. (8)), using the l1-norm using synthetic input data. The lower
frequency limit was equal to zero. The density reference value is
1000 kg/m3. The diﬀerent curves represent density as obtained from
the various voltage extreme values in the bursts.
6 MHz burst for the l1-norm, with the corresponding re-
sult using the l2-norm shown in Fig. 8. In these ﬁgures, a
processed density curve versus the upper frequency limit
is given for each of the voltage extreme values in the burst.
The lower frequency limit was set equal to zero.
It is seen that the l2-norm has a ﬂatter characteristic
versus upper frequency limit above the transmit frequency
of the burst than the l1-norm, making it easier to set an
upper frequency limit in the signal processing. The choice
of the lower frequency limit was found through simulations
not to inﬂuence the processed density.
The use of the triangular integration method instead
of the standard Matlab (The MathWorks, Natick, MA)
quadrature integration routine greatly speeded up the pro-
cessing. Also, the eﬀect of the frequency resolution using
the triangular integration routine is seen in Fig. 9 to be
negligible in a very wide range while only a minor diﬀer-
ence in processing speed was found.
The eﬀect of using one period of the Berlage wavelet
throughout the pulse is given in Fig. 10, where using the
ﬁrst period shows a signiﬁcantly increased deviation from
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Fig. 8. Typical processed density versus the upper frequency limit f2
(cf. (10)), using the l2-norm using synthetic input data. The lower
frequency limit was equal to zero. The density reference value is
1000 kg/m3. The diﬀerent curves represent density as obtained from
the various voltage extreme values in the bursts.
Fig. 9. Typical processed density versus frequency resolution using
synthetic input data and the frequency domain processing approach.
The density reference value is 1000 kg/m3.
the reference value compared with the rest of the pulse.
The reason for this behavior must be attributed to the
reﬂection coeﬃcient, because the sound speeds shows neg-
ligible deviation throughout the pulse. Due to a reduced
eﬀective bit resolution of the ﬁrst period of the wavelet,
the reﬂection coeﬃcient suﬀers an increased uncertainty
of the ﬁrst period compared with the rest of the pulse, as
is evident from Fig. 4. This behavior has been veriﬁed also
against experimental data, and as a consequence, the ﬁrst
period in the pulse was ignored at the processing stage.
The time domain processing is seen to yield signiﬁcantly
increased deviations from the reference value as compared
with the frequency domain processing.
F. Diﬀraction Correction
To account for the beam spreading in the buﬀers and in
the sample liquid, a single-frequency diﬀraction correction
method was used, based on the carrier frequency of the sig-
nal. The exact Williams integral expression [21] is used for
Fig. 10. Processed density based on synthetic input data for the
R echo12 12 method and for the ABC method, using both a time
domain and a frequency domain signal processing. The eﬀect of using
one period of the Berlage wavelet throughout the pulse is given. The
density reference value is 1000 kg/m3.
the calculation of diﬀraction in an isotropic and homoge-
neous lossless medium placed between 2 circular transduc-
ers of the same diameter with an axially concentric align-
ment. Continuous waves are assumed in this approach. Be-
cause several echo signals that have propagated diﬀerent
distances and through diﬀerent mediums are used, the to-
tal propagation length was obtained using the Papadakis
method [22], which is more fully described in [23], [24].
V. Mechanical and Dimensional Design
A. Buﬀer Material
The acoustic impedance of the buﬀer material is an im-
portant parameter for determining the sensitivity of the
measurement system. A low acoustic impedance mate-
rial such as Perspex gives a high sensitivity due to bet-
ter impedance matching against liquids, but may suﬀer
from robustness and protection against aggressive liquids.
A high acoustic impedance buﬀer such as stainless steel
gives a low sensitivity. In this work, an aluminum quality
6082-T6 was used for the evaluation of the measurement
principle due to the easy manufacture and because alter-
native materials with matching acoustical parameters are
available [25]. These include the workable ceramic mate-
rial Zerodur and the quartz glass, because they possess
signiﬁcantly more robust behavior than aluminum when
exposed to diﬀerent liquids.
B. Wave Propagation in Solids
A high temporal resolution for the measurement of
sound speeds along with a high bit resolution of the echo
signals is required to represent the measured signals as well
as possible. This is obtained by avoiding interfering signals.
To be able to achieve the maximum purity signals sought
for, the following well-known wave-propagation eﬀects in
solids [26] must be accounted for: compression plane wave,
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Fig. 11. Experimental demonstration of the mode converting nature
as observed on the Tx-transducer.
TABLE VI
Acoustic Characterization of the Buffer Material at Room
Temperature. A Frequency of 5 MHz was Used.
c1 [m/s] c1s [m/s] ν E [GPa]
6450 3085 0.35 70
compression edge wave, and shear edge wave. These waves
get mode converted at interfaces where a solid meets a
solid or a ﬂuid. An example of the mode converted echo
signals for an empty (air-ﬁlled) measurement cell of the di-
mensions given in Table VII is shown in Fig. 11, in which
the switching arrangement was not used. Interference with
such signals should be avoided.
C. Acoustic Characterization of the Buﬀer
By measuring the compressional and the shear wave
sound speeds in the buﬀer (c1 and c1s, respectively) us-
ing the arrival times of the echo signals from Fig. 11, the
Poisson’s ratio ν may be obtained from
ν =
1
2
c21 − 2c21s
c21 − c21s
. (21)
The Poisson’s ratio, in combination with either the com-
pressional or the shear wave sound speeds in the buﬀer,
gives the Young’s modulus (E) for the buﬀer, assuming
the density is known, e.g., from Table I. Measured results
are given in Table VI for a circular buﬀer with a length of
80 mm and a diameter of 205 mm, which are in reasonable
agreement with literature values [27] for the Poisson’s ra-
tio and the Young’s modulus for this material. The shear
wave sound speed is found from
c1s =
l1
tmode − l1/c1 , (22)
where tmode is the time of arrival of the ﬁrst mode con-
verted echo signal relative to the start of the transmit sig-
nal.
After having acoustically characterized the buﬀer ma-
terial, one can approach the process of obtaining the opti-
mum dimensions of the measurement cell.
D. Dimensional Considerations
To be able to obtain maximum purity signals from a
measuring cell according to the proposed measuring prin-
ciple, the following dimensional considerations were iden-
tiﬁed as necessary:
1) None of the liquid echoes shall be overlapping.
2) The liquid echo signals involved for the various meth-
ods shall be detected before the multiple buﬀer echo
signal is detected.
3) The transducer rim generated shear wave, which
gets mode converted and reﬂected from the transmit
buﬀer-liquid interface as a compressional wave, shall
not interfere with the liquid echoes, arriving after the
receipt of the last liquid echo to be used, which is
A2 for the R echo12 12 method, and A3 for the ABC
method.
4) The transducer rim generated compressional wave
burst reﬂected at the cylindrical end at the corner of
the buﬀer shall return to the transmit transducer after
the receipt of the last echo signal used for obtaining
the reﬂection coeﬃcient.
The equations describing these characteristics can be
given as
l2 >
c2tburst
2
(23)
for the liquid echoes being nonoverlapping, where tburst
is the combined duration of the transmit burst and the
transducer ring-down. For placing the multiple buﬀer echo
signal after the liquid echoes A2 and A3, respectively, it is
found that
l2 <
c2
2
(
2l1
c1
− tburst
)
(24)
is relevant for the R echo12 12 method, and that
l2 <
c2
4
(
2l1
c1
− tburst
)
(25)
is relevant for the ABC method. For the mode converted
echo signal from the buﬀer-liquid interface to be situated
after the A2 echo signal, the following constraint exists:
l2 <
c2
2
[
l1
(
1
c1s
− 1
c1
)
− tburst
]
, (26)
where the shear wave sound speed in the buﬀers is given as
c1s =
√
µ
ρ
, (27)
and with the shear modulus µ given as a function of the
Young’s modulus and the Poisson’s ratio as
µ =
E
2(1 + ν)
. (28)
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Fig. 12. Allowed range of liquid thickness versus signal duration for
a range of the liquid sound speed of 1100–1550 m/s. The identiﬁed
regions are described in the text.
For the mode converted echo signal to be situated after
the A3 echo signal, it is found that
l2 <
c2
4
[
l1
(
1
c1s
− 1
c1
)
− tburst
]
. (29)
By accounting for considerations 1 through 3 above,
the combined allowed range for the liquid layer thickness
is given in Fig. 12. There, a range of liquid sound speed
of 1100 to 1550 m/s was assumed. This range covers pure
water to a temperature of approximately 50◦C, and in the
lower range it covers most hydrocarbons of n-alkanes, 1-
alkanes, and naphthenes [28], except at elevated tempera-
tures, and silicone oils, which typically have lower sound
speeds [29]. In Fig. 12, 3 regions can be identiﬁed, with
the triangular region 1 covering all of the hatched area
corresponding to the R echo12 12 method. Region 2 cor-
responds to the ABC method, assuming the A3 signal to
appear before the mode-converted signal. Region 3 corre-
sponds to the ABC method limited in the lower range by
the mode-converted signal to appear before the A3 signal,
and in the upper range by the A3 signal to appear be-
fore the multiple-buﬀer signal. From this, the R echo12 12
method is seen to be able to cover a much larger range for
the liquid layer and also to use an increased duration of
the transmit signal, as compared with the ABC method.
In this work, 2 measuring cells were manufactured using
the same buﬀers, but with diﬀerent lengths of the liquid
chambers. These lengths were based on the allowed liquid
layer thicknesses from Fig. 12 for the ABC method. The
liquid path lengths chosen were approximately 2.4 mm and
5.7 mm, to use the maximum signal duration.
The minimum radius of the buﬀers to receive the A2
echo signal before the signal transmitted from the rim of
the transducer to the corner of the buﬀer and reﬂected as
a compressional wave is given by
l1r > RTRD +
√[
c1
2
(
2
l1
c1
+ 2
l2
c2
+ tburst
)]2
− l21,
(30)
Fig. 13. Range of minimum buﬀer radius versus echo signal duration
for a range of liquid sound speed of 1100–1550 m/s.
TABLE VII
Dimensions for the Measuring Cell.
Diameter [mm] Length [mm]
Buﬀer 205 80
Liquid 107 2.4 and 5.7
where l1r is the buﬀer radius and RTRD is the radius of
the transducer used. Assuming that the A3 echo signal
arrives before the signal transmitted from the rim of the
transducer to the corner of the buﬀer and reﬂected, the
relationship is given by
l1r > RTRD +
√[
c1
2
(
2
l1
c1
+ 4
l2
c2
+ tburst
)]2
− l21.
(31)
The range of allowed buﬀer radius versus echo signal
duration is shown in Fig. 13 for liquid layer thicknesses of
2.4 mm and 5.7 mm, and assuming a transducer radius of
12.5 mm. To limit the buﬀer dimensions, it was decided
to use a radius of 102.5 mm, which corresponds to the
use of both methods for the 2.4 mm liquid path length,
and the 5.7 mm path length for the R echo12 12 method,
complying with a signal duration of about 3 µs. It is also
seen that the use of the R echo12 12 method makes it
possible to reduce the size of the buﬀers signiﬁcantly as
compared with the ABC method.
E. Measuring Cell
These ﬁgures, together with knowledge of the obtain-
able echo signal duration for a given excitation signal, led
to the dimensions given in Table VII for the measurement
cell manufacture. The diameter of the liquid sample cham-
ber was 107 mm. No inﬂuence of the insertion of the ther-
mistor probe into the liquid was found, probably due to
the highly directional sound beam.
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Fig. 14. Cross-sectional view of the measurement cell; NB: not to
scale.
A schematic cross-sectional view of the measurement
cell is given in Fig. 14. The assembly of the cell was per-
formed by using some stainless steel spacers keeping the
liquid path length ﬁxed. The measurement cell was tight-
ened by a torque wrench to a torque of 28 Nm. The trans-
ducers were ﬁtted snugly into their housings, which were
screwed onto the solid end caps by hand so that the trans-
ducers got in close contact with the aluminum buﬀers. A
thin layer of Krautkra¨mer ZGT acoustic coupling paste
was inserted on the transducer fronts. The twisting of the
transducers against the buﬀers ensured a uniform thick-
ness of the coupling paste and improved the acoustic cou-
pling.
The liquid ﬁlling of the measuring cell was performed
for the least viscous liquids by using a syringe in a way
that let the liquid pour freely without introducing mix-
ing of the liquid and air in a signiﬁcant manner. For the
most viscous liquid (Cannon N100) a diﬀerent procedure
was necessary. Then, one of the buﬀers and the measur-
ing chamber were mounted together with the surface of the
buﬀer in a horizontal position. The liquid was then poured
directly onto the buﬀer until it nearly reached the top of
the measuring chamber, taking precautions not to ﬁll the
liquid inlet. Then, on the complete mounting of the cell,
the air inside the chamber was pressed out from the liquid
inlet without being mixed with the liquid.
The temperature was kept constant at least 30 min
after thermal equilibrium was obtained, before measure-
ments were acquired. Also, the thermostat-regulated water
bath includes a stirrer keeping a constant water circulation
around the measurement cell.
F. Nonparallelism
The transducer and liquid contact faces of the buﬀers
were lapped and found to be parallel to within 0.01 mm
across the diameter, due to the mechanical design and
manufacture of the measurement cell, indicating the neg-
ligible eﬀect of nonparallelism in this measurement cell.
TABLE VIII
Reference Values for the Shear and Kinematic Viscosity
and for the Density for the Cannon Viscosity Standards
Used at 20.00◦C.
Shear Kinematic Liquid
Viscosity viscosity viscosity density
standard [mPa·s] [mm2/s] [kg/m3]
N4 5.242 6.668 786.2
N7.5 11.37 14.19 800.9
N35 74.93 86.38 867.5
N100 282.8 320.6 881.9
VI. Experimental Results
A. Liquids to Be Measured
Several researchers have performed measurements on
liquids that span a very large range in densities, rang-
ing from approximately 750 kg/m3 for alcohols/gasoline
to 1260 kg/m3 for glycerin [8], [30]. The density of oils,
however, is known to span a much smaller range, because
the lowest density hydrocarbon is pentane with a density
of approximately 670 kg/m3, and a high-density hydro-
carbon is typically a heavy crude oil having a density of
approximately 920 kg/m3 [31]. Most often, acoustic mea-
surements are compared with reference measurements per-
formed with a calibrated pycnometer [8], [30], giving a
great ﬂexibility in which to measure liquid. Such pycnome-
ters typically have a relative uncertainty of ±0.1%.
To avoid the uncertainty of the pycnometer, it was
found desirable to use liquids with a calibrated density
across a certain temperature range. Cannon Instrument
Company, State College, PA, [32] supplies certiﬁed refer-
ence standards from which some general-purpose viscosity
standards were used in this work to cover a broad range of
shear viscosities. The viscosity standards were supplied in
500 mL bottles, with a density uncertainty of ±0.1 kg/m3.
The parameters of the Cannon viscosity standards that
were used are given in Table VIII. No information about
the standards’ sound speed or attenuation characteristics
were given by the vendor or found in the literature.
The density of distilled water versus temperature is
known to have a negligible maximum uncertainty of
0.17 ppm in the temperature range of 0 to 41◦C [33].
B. Results
Density measurement results for the diﬀerent liquids are
given in Tables IX to XI, with extended measurement re-
sults given in [34]. All the measurements were performed
at a temperature of 27.44 ± 0.04◦C. As an example of the
speciﬁc measurement results, the ABC method at 6 MHz
using the 5.7 mm cell is given in Table IX, using a fre-
quency domain signal processing. There, the N100 oil is
seen to have a signiﬁcant deviation from the reference
value, exceeding 4%. The reason for this large deviation is
attributed to the signiﬁcant waveform distortion observed
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TABLE IX
Measurements on Distilled Water and Cannon Viscosity
Standards Using the 5.7 mm Measuring Cell for the ABC
Method at 6 MHz, Using a Frequency Domain Signal
Processing.
Reference Measured Relative
density density diﬀerence
Liquid [kg/m3] [kg/m3] [%]
Distilled water 996.40 996.24 −0.02
N4 781.20 779.81 −0.18
N7.5 796.02 797.79 0.22
N35 862.73 856.33 −0.74
N100 877.32 837.82 −4.50
TABLE X
Summary of Density Measurement Results Using the 5.7 mm
Measuring Cell.
4 MHz 5 MHz 6 MHz
Mean 0.5 · Mean 0.5 · Mean 0.5 ·
dev. Span dev. Span dev. Span
Method [%] [%] [%] [%] [%] [%]
R echo12 12 −0.35 0.06 −0.14 0.15 −0.14 0.19
time domain
R echo12 12 −0.44 0.09 −0.28 0.14 −0.34 0.31
freq. domain
ABC time −0.17 0.14 0.05 0.19 0.05 0.41
domain
ABC freq. −0.32 0.17 −0.13 0.15 −0.18 0.48
domain
The liquids used were distilled water, and the N4, N7.5, and the N35
viscosity standards. The N100 oil was excluded due to the mentioned
waveform distortion characteristics.
TABLE XI
Summary of Density Measurement Results Using the 2.4 mm
Measuring Cell.
4 MHz 5 MHz 6 MHz
Mean 0.5 · Mean 0.5 · Mean 0.5 ·
dev. Span dev. Span dev. Span
Method [%] [%] [%] [%] [%] [%]
R echo12 12 −0.40 0.39 −0.16 0.12 −0.06 0.49
time domain
R echo12 12 −0.51 0.15 −0.30 0.09 −0.37 0.56
freq. domain
ABC time −0.01 0.67 −0.09 0.22 0.19 0.68
domain
ABC freq. −0.31 0.22 −0.17 0.12 −0.09 0.64
domain
The liquids used were distilled water, and the N4, N7.5, N35, and
the N100 viscosity standards.
[34]. The N100 oil did not show any signiﬁcant waveform
distortion using the 2.4 mm measuring cell. This is illus-
trated by the attenuation of the A∗3 signal, which is about
10 dB in the 2.4 mm cell at 6 MHz and about 12 dB at
4 MHz using the 5.7 mm cell [34].
In Tables X and XI the summary results using diﬀerent
frequencies and diﬀerent measuring methods are given for
the 5.7 mm and for the 2.4 mm measuring cell, respec-
tively. Each frequency has 2 columns. The ﬁrst gives the
mean deviation in percent over the 5 liquids presented in
Table IX from the density reference values according to
Mean deviation =
1
5
5∑
i=1
(
100
ρi − ρref,i
ρref,i
)
.
(32)
The second column gives half the span in percent between
the maximum and the minimum deviation from the refer-
ence values, where the span in percent is deﬁned by
Span = max
(
100
ρi − ρref,i
ρref,i
)
− min
(
100
ρi − ρref,i
ρref,i
)
.
(33)
This way, the second column can be compared more eas-
ily with predicted uncertainties. In Table X, the N100 oil
was excluded due to the mentioned waveform distortion
characteristics.
For both measuring cells, it was in general found that
the systematic deviation from reference values was smaller
for the ABC method than for the R echo12 12 method.
A possible explanation for this behavior may be due to
diﬀraction correction, because the ABC method uses only
one transducer, whereas the R echo12 12 method uses 2
transducers. Because the transducers cannot be expected
to have identical sound ﬁelds, the added error on the use
of identical diﬀraction correction on diﬀerent transducers
is believed to be responsible for such a behavior. The eﬀect
of such a systematic deviation may be reduced by applying
a suitable zero-point correction, which may be performed
by subtracting the obtained systematic deviation based on
measurements on several liquids from the actual measured
density for a given liquid.
The measurement span of the density as compared with
the respective reference density was found to be within
±0.15% for the R echo12 12 method for both measur-
ing cells at 5 MHz, for both time and frequency process-
ing using liquids with a wide range of shear viscosities.
The span using the ABC method was larger than for the
R echo12 12 method. This will be seen to be in accordance
with the uncertainty analysis in Section VII.
VII. Uncertainty Analysis
The uncertainty analysis is based on the same formalism
as given in [14] for the relative amplitude approach, but
extended to deal with liquid density instead of reﬂection
coeﬃcient only. Here, the eﬀects of bit resolution and time
resolution are studied. The partial derivative approach is
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Fig. 15. Simulated eﬀect of liquid attenuation on the expanded rela-
tive uncertainty of the density. A resolution of 12 bits was used. The
noise characteristics were ignored.
used to obtain the expanded relative uncertainty of the
density as given in (4) according to
k2
[
u(ρ2)
ρ2
]2
=
k2
ρ22
R∑
i=1
(
∂ρ2
∂xi
u(xi)
)2
, (34)
where u indicates the standard uncertainty, and x indi-
cates the mutual uncorrelated variable on which the liquid
density depends. A coverage factor k = 2 for a 95% conﬁ-
dence interval was used.
For the amplitudes behind the reﬂection coeﬃcient, a
rectangular distribution probability function of the quan-
tization process was assumed [14]. To study the uncer-
tainty characteristics, a relative uncertainty of 0.01% was
assigned as an example to both the buﬀer and the liquid
sound speeds, based on using a time resolution of 1 ns
from the cubic spline approximation. This is not the total
uncertainty, but an eﬀect due to time resolution. The den-
sity uncertainty of the buﬀer was neglected in the following
simulations, due to its precisely known value. The simula-
tion parameters of the buﬀer and the liquid are given in
Table II.
The expanded relative uncertainty of liquid density
versus the liquid attenuation is given in Fig. 15 assum-
ing a resolution of 12 bits. The expanded relative un-
certainty of the R echo12 12 method is seen to be close
to the R echo123 123 method given in [14]. It should be
mentioned that the implementation of the R echo123 123
method depends on the attenuation of the liquid. There-
fore, it is not a straightforward method to use, from a
practical point of view.
The expanded relative uncertainty of the ABC method
is seen to increase as the attenuation increases at a faster
rate than the R echo12 12 method and to also have about
double the uncertainty at very low attenuation. The eﬀect
of varying bit resolution for the R echo12 12 method is
given in Fig. 16, using a range of 8 to 16 bits. For 12
bits, an expanded relative uncertainty of about 0.2% can
Fig. 16. Simulated eﬀect of bit resolution on the expanded relative
uncertainty characteristics of the R echo12 12 method versus liquid
attenuation. The noise characteristics were ignored.
Fig. 17. Simulated eﬀect of SNR of the ﬁrst echo signal on each trans-
ducer on expanded relative uncertainty of the density. Zero liquid
attenuation was assumed, together with a resolution of 12 bits. Alu-
minum buﬀers were assumed and a liquid sound speed of 1500 m/s.
be expected, compared with about 0.06% using 14 bits,
and 0.03% using a resolution of 16 bits, assuming a low
attenuation.
In the results presented here, the eﬀect of noise was
ignored.
The eﬀect of noise in addition to bit resolution and time
resolution will now be studied. By assigning the same SNR
of the ﬁrst echo signal on each transducer, the expanded
relative uncertainty of density versus the SNR ratio can be
given as in Fig. 17, assuming a random noise characteristic.
Because the amplitudes of the diﬀerent signals are widely
diﬀerent, while the random noise characteristic is rather
constant throughout the echo signals, a single number of
SNR cannot be given. Using measurements performed on
distilled water and on the N100 oil, the estimated SNR
for each echo signal are given in Table XII for the 5.7 mm
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TABLE XII
Measured SNR for the Various Echo Signals Using Pure
Water and the N100 Oil.
Estimated SNR [dB]
Liquid A1 A2 A3 A∗1 A
∗
2 A
∗
3
Water 62 51 47 63 60 57
N100 62 43 34 67 57 48
A frequency of 5 MHz was used along with an averaging factor of
256, using the 5.7 mm measuring cell.
Fig. 18. Simulated eﬀect of |R| on the expanded relative uncertainty
of the liquid density. Zero attenuation was assumed along with 12
bits resolution. The noise characteristics were ignored, and aluminum
buﬀers were assumed.
path length measurement cell. The measured SNR in Ta-
ble XII was obtained by noting the peak-to-peak values of
the signals and the random noise, taking care to avoid sys-
tematic noise contributions such as mode conversion and
direct electrical cross feed between the transmit and the
receive channel. From Table XII the improved SNR of the
R echo12 12 method can be seen by referring to the spe-
ciﬁc amplitude ratios given in (1) and (2).
The expanded relative uncertainty of density versus |R|
is given in Fig. 18. An aluminum buﬀer was assumed to-
gether with a ﬁxed sound speed of the liquid of 1500 m/s.
The noise characteristics were ignored. For water, |R| is
about 0.83, whereas for typical oils, |R| is about 0.90, and
the expanded relative uncertainty is seen to be higher for
oils than for water, due to the increased acoustic mismatch
of the acoustic impedances. The R echo12 12 method is
seen to leap from the ABC method at low values of |R|
and approach the lowest uncertainty and case-dependent
R echo123 123 method. The R echo12 12 method is there-
fore seen to possess close to optimum behavior at a wide
range of |R|. This is in contrast to the ABC method.
VIII. Discussion
As seen in Fig. 10, including the ﬁrst period of the wave-
forms in the signal processing may give large errors, par-
ticularly when using a time domain processing. This has
also been observed experimentally where density errors ap-
proaching 15% were found using only the ﬁrst period. This
error was found in some cases to be greatly diﬀerent when
transmitting from one side of the cell compared with trans-
mitting from the other end. By avoiding the ﬁrst period
in the signal processing, more equal characteristics were
obtained when transmitting from both sides of the mea-
suring cells. This also led to a more proper use of the
single-frequency diﬀraction correction, because part of the
transient waveform was avoided.
Using the 5 MHz center frequency of the transducer, a
measurement span within ±0.15% was obtained for a wide
range of liquid viscosities. This was obtained for both mea-
surement cells and for both the time and the frequency do-
main processing schemes. Also, by using a zero-point cor-
rection factor, the systematic deviation could be reduced
for a speciﬁc measurement method and signal processing
chosen.
IX. Conclusions
A new method for measuring liquid density acoustically
using a buﬀer rod approach was given, with improved un-
certainty characteristics relative to the ABC method. The
new method facilitates the use of a thicker liquid layer
without suﬀering from interference due to mode conversion
and was shown to be signiﬁcantly less prone to the eﬀect
of liquid attenuation. An improved frequency domain in-
tegration signal processing approach was suggested using
the l2-norm, making it easier to set the processing param-
eters correctly. Using liquids with a wide viscosity range,
the measured density span was within ±0.15%. The main
achievements are believed to be the experimental veriﬁca-
tion of the proposed R echo12 12 method in comparison
with the ABC method.
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